Vertical diffusion in a stable boundary layer near the surface is not clearly understood. In the present study, the vertical diffusivity of radon and the height below which the concentration of radon is high are estimated from observations made at two levels (1.5 and 100 m) on the meteorological tower in the campus of the Meteorological Research Institute, Tsukuba, Japan, in November 2006. Seven 12-hour episodes, in which radon concentration near the surface increased, were averaged to make one sequential dataset. The averaged time sequence was divided into two periods: the radon concentration near the surface increased in the first one (Period I) and was stationary in the second (Period II). The estimated vertical diffusivity was less than 0.05 m 2 s −1 for Period I and was at most
Introduction
Many anthropogenic sources of hazardous chemicals are mainly located at the lowest level of the atmosphere, whereas people live adjacent to the surface. Determining the properties of the stable boundary layer (SBL) is important because the concentrations of chemicals are high when there is little diffusive activity, which is the case in stable stratification. The MoninObukhov similarity theory (Monin and Obukhov 1954) is often used to express the transport of energy in the surface layer. The observational results support this theory in neutral to unstable conditions; however, these results are dispersive in stable conditions (e.g., Foken 2006) . Many factors affect the generation of SBL: radiation, turbulence, and drainage flow (e.g., Garratt 1992 ) are a few examples. Further non-steady events, such as turbulent flux bursting, often occur in the SBL (Nappo 1991; Blumen et al. 2001; Poulos et al. 2002; Ohya et al. 2008) , and this complicated situation may be one of the reasons that the universal functions reported so far under stable conditions are dispersive.
Practically, Pasquill stability categories (Pasquill 1961; Pasquill and Smith 1983) for which stability is categorized with wind velocity and intensity of radiation or cloud amount are often used; however, there are two blank boxes under strongly stable conditions in this category. These blanks are sometimes categorized as "G" in Japan (e.g., NSRA 1972). There is little research in which direct measurements of the vertical distribution of chemical substances emitted from near surfaces in an SBL have been reported. However, Salmond and McKendry (2005) have shown examples of intermittent mixing between a strongly stable layer and the residual layer above, which may affect the surface ozone concentration at night; however, further research into the diffusion process in the strongly stable layer is required.
Radon-222 (hereafter abbreviated as Rn) is a natural radioactive noble gas with a half-life of 3.82 days, and its exclusive source is the soil. Because the source intensity is thought to be relatively spatially homogeneous (Conen and Robertson 2002) , Rn is considered as a typical surface area source, and its concentration is thought to be a good index for the turbulent transfer process near the surface. As an application of Rn measurements to the investigation of the atmospheric boundary layer process, Ikebe (1970) analyzed the relation between wind velocity and Rn concentration, assuming the formula of vertical diffusivity. Li (1974) investigated the profile of the Rn concentration (one-hour average) at a TV broadcasting tower. Beck and Gogolak (1979) analyzed the vertical Rn profile and concluded that radioactive decay in the boundary layer was not important. In addition, the concentration of Rn was mainly determined by the turbulent transfer process; therefore, Rn could be used as a tracer in the boundary layer. Recently, Rn was utilized not only as a tracer in the boundary layer (Desideri et al. 2006 ) but also as the tracer of intercontinental transport (Jacob et al. 1997; Taguchi et al. 2002; Zahorowski et al. 2005; Taguchi et al. 2011) .
We conducted a field experiment on the campus of the Meteorological Research Institute (MRI) in Tsukuba, Japan, in November 2006 to investigate the relationship between radon concentration near the surface and vertical diffusivity in the surface boundary layer under stable conditions. We employed a new Rn measurement system (Wada et al. 2010) and measured the Rn concentration at two levels in the meteorological tower in addition to the turbulence on the MRI tower. Stable and inversion layers often develop in November and December in this area because the daytime is short, solar insolation is relatively weak, and the wind velocity is weak (Kondo 1995) . From these observations, we tried to estimate the vertical diffusivity of Rn and the height of the layer in which Rn accumulated.
Observation frameworks on the MRI campus and the methods of analysis are described in Sections 2 and 3, respectively. The observed meteorological condition 0.13 m 2 s −1 for Period II. The estimated thickness of the radon-rich layer was less than 50 m for the first three hours in the first period; however, inversion height was approximately 100 m. The height under which radon accumulated was somewhat lower than that at the temperature inversion in period I, which suggests that the turbulent transfer was not dominant in the process to generate the temperature inversion layer in this area. Although the vertical diffusion of radon was different between the two periods, it was difficult to distinguish them with surface observation, employed for conventional Pasquill stability categories classification.
Keywords radon concentration; vertical diffusivity in the stable layer; inversion layer height; tower observation; self-correlation; Pasquill stability categories and estimated vertical diffusivity in the period in which the Rn concentration is almost stationary are described in Section 4. Vertical diffusivity and the height of the radon-rich layer in the period with increasing Rn concentration are estimated in Section 5 with a discussion of their representativeness. The results are summarized in Section 6.
Observation frameworks
Observations were conducted from November 16 to November 27, 2006, on the MRI campus in Tsukuba, Japan. At that time, the MRI had an observational tower of 213 m that was located at 36°3′9″N, 140°7′25 ″E. The tower situated on flat grassland with few trees nearby. Many two-story houses extended from 150 m south of the tower, and two six-story buildings were located 250 m NNE of the tower (MRI main building) and 400 m WNW of the tower (AIST-West main building). In this observation, we used two radon monitors and followed the electrostatic collection method with a PIN photodiode detector (Wada et al. 2010 ). An Rn inlet was mounted at the 100 m level of the tower. Another inlet was mounted 1.5 m above ground, approximately 200 m north of the tower in the "Test field," as shown in Fig. 1 . The Rn concentration was recorded at 10-min averages using a personal computer.
Anemometers and thermometers that gave one-minute-averaged data were mounted at 10, 25, 50, 100, 150, 200 , and 213 m on the tower. In addition, two ultrasonic anemo-thermometers were mounted during this observation period on the tower at 10 (Kaijo SAT-550) and 25 m (Kaijo DAT-600T) above the ground. The 10-Hz data of these ultrasonic anemo-thermometers were recorded. From the data, momentum and heat fluxes at both levels were calculated using the eddy covariance method with an averaging time of 10 or 30 min. Rotation into the mean wind direction (three-dimensional) was employed (e.g., AsiaFlux Steering Committee 2007).
To obtain the area-averaged Rn efflux from soil, the area around the MRI tower shown in Fig.1 was divided into six sub-areas, where the characteristics of the soil were estimated to differ. Guedalia et al. (1980) pointed out that the Rn efflux is affected by soil water content (SWC), which depends on local soil texture and land use. Then, volume SWC was measured at 20-30 points in each area, first with time domain reflectometry (TDR). After one representative point for SWC in the area was found in each area, the Rn flux was directly measured at that point with the closed chamber method in which four samples were sequentially obtained in 45 min and increase in the Rn concentration was measured. Sampled air in a Lucas scintillation cell (300A, Pyron, Canada), which was vacuumed before sampling, was measured by an α-ray scintillation counter (AB-5, Pyron, Canada). The SWC at the same point was also checked using the oven-drying method. During the observation period, the SWC was measured at 10 points near the representative point in each area with a TDR once every two or three days to confirm the representative value. The SWC was relatively low in the first half of the observation period and high in the second half of the period due to precipitation at night from November 19-20. The Rn flux in the period without direct measurement was estimated from the relationship between the SWC and the observed Rn efflux in each area (Fig. 2) . The value of Q s used in chapters 4 and 5 is the averaged value of those obtained from the six sub-areas and is linearly interpolated in time between each observation of SWC or direct Rn measurement. Figure 3 shows the time variation of the Rn concentration in this period, considering moving average with averaging time of 3 h. The concentration of Rn near the surface is around 1-10 Bq m −3 . Because the volume of the chamber of our radon monitors was relatively small (Wada et al. 2010) , the statistical error of the count is approximately 14% and 6% for a sampling time of 30 min and 3 h for 10 Bq m −3 , respectively. Further, the frequency of Rn flux observation was not very high. For these reasons, high-frequency analysis of the Rn concentration was difficult. The information for the Rn concentration was first used to find the condition in which Rn accumulated in the lowest atmosphere. This accumulation occurred independent of the time of the day. The concentration measured at 1.5 m sometimes increased when a stable layer developed. However, the starting time of the increase and duration of the high concentration were different for each event. We selected seven events in which the duration of the increase for an average Rn concentration at 1.5 m continued for more than 4 hours, and we prepared 12-hour data, starting two hours before the increase of the surface Rn concentration. The seven periods are listed in Table 1. For these seven periods, the 10-min average was calculated for the meteorological data, and turbulent statistics were also calculated first for the same 10 min. Because the Rn concentration at 1.5 m increased during the analysis period, it is possible that the stability was transient and shorter averaging time was used. The 10-min average is denoted as an over bar ( α ). Then, a sequence of 72 data was obtained for each 12-hour period. Next, all the first, second, and third data up to the 72nd data of seven events were averaged in the same order (denoted as <>). Finally, a sequence of 72 data was obtained for each physical value, that is,
Methods of analysis
The same method was applied to the Rn concentration after considering a moving average, and the 72 sequential data were prepared with a 10-min average.
Results

Variables in time sequence
The averaged time variation of the Rn concentration at 1.5 and 100 m, the temperature, the wind velocity and direction at 10 and 25 m, the surface radon flux, and the downward short and long wave radiation are shown in Fig. 4 . The Rn concentration at 100 m decreased slightly in the first four hours. A simple calculation shows that this reduction was not due to the radioactive decay of radon. The Rn concentration at 1.5 m started increasing two hours after the start and stopped increasing seven hours after it. The temperature at 10 m was higher than that at 25 m until two hours after the start, and then the temperature at 10 m decreased to lower than that at 25 m; that is, an inversion layer developed. The temperature difference of two levels increased until six hours after the start, and after that, the difference diminished slightly. As a whole, the wind velocity was weak, particularly for three to seven hours after the start; however, the time variation was not large. The wind direction, which was calculated with vector averaging, slowly shifted from east to northwest; that is, the wind blew from the direction parallel to the main building of the MRI at first and then from the open area to the north of the tower as time passed. The value of radon flux was interpolated as shown in Section 2. As time passed, the flux was reduced due to increase of the SWC by occasional rain. This could have been a problem of the interpolation; however, the reduction was small. Standard deviation of the seven data was shown in the figures of Rn concentration and Rn flux. Figure 5 shows the time-height cross section of the temperature obtained from the tower observations. After three hours, an inversion layer had clearly developed; the estimated top of the inversion layer is also plotted in Fig. 5 . The top was at 70 m after three hours and then gradually ascended to 120 m ten hours after the start.
Obukhov length
As a direct indicator of stability, the Obukhov length (OL) was calculated with the following formula:
Here ¢ u , ¢ w , and ¢ T represent the deviation of the longitudinal wind velocity, vertical wind velocity, and temperature from their 10-min time average, respec- and 100 m (three-hour moving average). Two direction arrows indicate the period shown in Table 1 . tively. Acceleration due to gravity and the von Kármán constant (0.4) represented by g and k respectively. The friction velocity u * ( = − ′ ′ u w ) sometimes became an imaginary value; however, all the 72 data of ¢ ¢ u w have a negative value, and − ′ ′ u w 3 2 could be calculated from all the data. Nieuwstadt (1984) pointed out that OL is not a constant in the surface layer under stable conditions but depends on the elevation at the measurement height. Figure 6 shows the time variation of OL at 10 and 25 m. OL at 25 m was greater than that at 10 m until seven hours after the start of data collection; both OLs reached almost the same value after that.
Estimation of the vertical diffusivity for Rn
As shown in the time variation of the Rn concen- tration (Fig. 4) , the increase of the Rn concentration at 1.5 m stopped seven hours after the start and maintained an approximately constant value. We then divided the 12-hour period into two: Period I is four hours, two to six hours from the start, and Period II is five hours, seven hours after the start to the end of the total. The latter period may be considered as being in the stationary state from the Rn data. Because the time variation of the inversion layer height was small in Period II (Fig. 5) , we assume that the height under which Rn accumulated was constant (h), and thus examine a few assumptions. From the equation of mass conservation,
where C is the concentration of Rn, u, v, and w are the eastward, northward, and vertical wind velocity components, respectively, in the present consideration, and K C and Q C are the vertical diffusivity and the source in unit volume of Rn, respectively. If we assume a horizontally homogeneous and stationary state, then the left side becomes zero. That is,
Since there is no Rn source in the atmosphere, Eq. (5) indicates that the Rn flux does not depend on the elevation from the surface and is equal to the surface Rn flux (Q s ), which was measured as described in Section 2 (Fig. 4) . Then,
To calculate Eq. (6), we employed the averaged value dataset denoted as <>. The averaged value obtained for Period II is K C = 0.131 ± 0.049 (m 2 s −1 ) with the assumption that h = 100 m. The averaged bulk Richardson number for the same period is 0.94 ± 0.28, for which the value was averaged over Period II. In Eq. (7), the difference between the potential temperature and the temperature for the vertical distance of 15 m is 0.147 °C added to <T 25 >. The average non-dimensional stability length averaged over the two levels is ς = z/L = 1.58 ± 1.17 at z = 17.5 m. It was not clear whether the top of the Rn-rich layer reached 100 m from the observation. If h was less than 100 m, K C was less than 0.131 m 2 s −1 .
Discussion
Estimation of the vertical diffusivity for Period I
Since the Rn concentration at 1.5 m increased in Period I, Eq. (6) may not be used even with the horizontally homogeneous assumption. Instead, we start from the equation,
We try to estimate the vertical diffusivity for Period I with a few additional assumptions. First, we assume that the Rn concentration at 1.5 m increased linearly from 2.2 Bq m −3 , 2 hours after the start to 4.4 Bq m −3 , 6 hours after the start (Fig.4a) . The second assumption is that the vertical gradient of the Rn concentration throughout Period I near the surface was the same as that in Period II under steady condition (Fig. 7a) . The left side of Eq. (8) and ∂C/∂z then become constants, that is,
where a is a constant. After integrating to height h, where the concentration falls to a level above the boundary layer,
with the assumption that
and this equation indicates that there is a maximum height above which K C has a negative value because b is negative. If what actual data have shown is far from the idea of time variation of the Rn-rich layer shown in Fig. 7a , K C may take a negative value. The negative K C here indicates that Q s is too small to keep the development of h according to the increase in surface concentration of Rn. The maximum height thus obtained in the present data is 31 m. Another simple case is that h is time-invariant, but the vertical gradient of the Rn concentration varies with time according to the concentration near the surface (Fig. 7b) . Then, Eq. (8) becomes
where the time variation of the concentration depends on z (a(z)), and its vertical gradient depends on time (b(t)). If we determine h and assume that the vertical gradient of the Rn concentration is linear, the left hand side of Eq. (12) is equal to the area of a triangle with base a(0) and height h. Then, we can calculate the averaged vertical diffusivity from the data two to six hours after the start with the equation
in which we used the observed data at z = 1.5 m for a(z).
The time variations of calculated K C using Eq. (13) are shown in Fig.8 , where h = 25 m. As a reference, h for K C = 0 at each time is also shown in Fig. 8 . Furthermore, when we assumed that h = 50 m, the calculated K C sometimes took a negative value (not shown), which suggests that h was not so high.
Next, we estimate the probable range of h assuming that vertical diffusivity takes the value between 0 and 0.13 m 2 s −1 . C 100 and C 1.5 represent the Rn concentration at 100 m and 1.5 m, respectively,
where ∆ indicates the time difference. Then, using Eq. (14), we can estimate h for
and if the vertical difference of the Rn concentration linearly increases with time, h = 53.8 ± 0.2 m during the four hours, two to six hours after the start of data acquisition. Equation (14) forms the quadratic equation for h. Then,
and the second term in the square root has a negative value. From the condition that Eq. (16) has a real and positive value solution, we can calculate the maximum value of K C with the minimum value of h (maximum value of h is twice as large as the minimum with K C = 0) for the averaged period of 2-3, 3-4, 4-5, and 5-6 hours after the start. Estimated h and K C are shown in Table 2 with the bulk Richardson number and the non-dimensional stability length ζ, respectively. The calculated ζ is less than 2. These results suggest that K C < 0.13 m 2 s −1 for Period I and that the height at which Rn accumulates is much lower than 100 m except for the last hour. This height is much lower than the inversion height; that is, Rn accumulates only in the bottom layer of the temperature inversion layer. This suggests that the temperature inversion layer was not developed by a turbulent transfer process in its developing stage (Kondo et al. 1983; Kondo et al. 1991) under the condition of increasing Rn concentration.
Significance of the average of the seven datasets
In the present analysis, seven datasets of the time series with 12 hours were first selected, in which the Rn concentration near the surface increased in the beginning stage. Then, a series of datasets was obtained by averaging the seven datasets. The reason that we used this average is that the field observation was not ideally flat or homogeneous. It was, in fact, relatively complex, and we anticipated that the scatter of each 10-min average was large. In addition, if we took a 30-min average, a large number of the data yielded positive momentum flux. The Monin-Obukhov similarity theory is usually satisfied on a flat and horizontally homogeneous field, and the non-dimensional shear function (ϕ(ς)) becomes a universal function of non-dimensional stability length (ς). Some functional forms have been proposed for both unstable and stable conditions (e.g., Foken 2006) . However, the relationship of ϕ(ς) µ ς 1/3 may be observed under a particularly strong stable condition because the term of friction velocity u * is included in both ϕ(ς) and ς (self-correlation or spurious correlation; e.g., Klipp and Mahrt 2004) . Figure 9 shows the relationship between ϕ(ς) and ς for the three groups of the data; averaged time series datasets used in the present analysis (group 1), original 10-min averaged data in seven separate datasets (group 2), and randomly generated dataset (group 3). The randomly generated dataset is the data taking a new average from the seven time series data in which the order of time sequence for the friction velocity u * , vertical shear dU/dz, and heat flux ¢ ¢ w T is randomly changed. Then, ϕ(ς) and ς are recalculated with the same method to form group 1 data. The random order is generated 1000 times. That is, the group 3 dataset has no physical meaning, and if a relation is seen in the data of group 3, it is a spurious correlation. Figure 9 demonstrates that the scatter of group 1 is rather small, that of group 2 is very large, and the scatter of ϕ(ς) in group 3 is correlated to ς 1/3 for a large value of ζ with large scatter. The results in which the scatter of group 1 is much smaller than that of the other two groups for ς ≤ 2 may demonstrate that the present results are universal to some extent, even when the group is averaged for only seven datasets. The proposed formula of ϕ(ς) by Högström (1988) (ϕ(ς) = 1 + 6ς) and another formula, which suits the result of group 1 (ϕ(ς) = 1 + 2ς) are added in Fig. 9 as a reference; however, the latter formula is not recommended here, because the self-correlation was not removed from the data in group 1.
Finally, the relationship between the present observation and conventional Pasquill stability is examined. Averaged solar insolation was 0-90 W m −2 for the first two hours and 0-40 W m −2 for the last two hours (Fig.4f) . All the averaged wind velocity at 10 m was less than 2.0 m s −1 . In other words, the stability was "D" for the first three and the last two hours (it may be "B" during the first hour in the Pasquill original stability categories), and the category was the "blank" class of the Pasquill original stability categories for the other period. Most of the time in both Period I and II falls into the "blank" class; however, the diffusion characteristics are considerably different in Period I from those in Period II. The difference of ς and Ri in the two periods is also small, which suggests the possibility that the diffusion characteristics in the case of the Pasquill "blank" class are considerably different even for the same value of ς or Ri, which are obtained with the observation near the surface.
Conclusion
The vertical diffusivity in the lowest atmosphere and the height below which Rn accumulates under stable conditions were investigated. The observations were conducted on the MRI campus and at the meteorological tower in Tsukuba, Japan, for 11 days in November 2006. In this observation, the momentum flux, the heat flux at 10 m and 25 m above the ground, the wind velocity and direction, and the temperature at the tower were observed with Rn concentration at 1.5 and 100 m. Seven episodes in which the surface Rn concentration continued to increase for more than four hours were noted at first. The 12-hour period from two hours before the start of the increase was divided into 72 parts averaging 10 min each. The average of seven episodes for each 10-min average was then taken in the same time sequence.
The averaged time sequence was divided into two parts according to the time variation of the radon concentration at 1.5 m; that is, the increasing period (Period I) and pseudo stationary period (Period II). For Period II, K C = 0.131 ± 0.049 (m 2 s −1 ) was obtained when we assumed that the Rn concentration linearly decreased from the ground to 100 m above the ground. For Period I, two types of assumption about the evolution of the SBL were examined. The first assumption was that the height of the high-concentration layer of Rn develops in proportion to the Rn concentration near the surface in which its vertical gradient is maintained, similar to that in Period II. The result suggests that the maximum height of the high-concentration layer was 31 m. Another assumption was that the height of the high-Rn-concentration layer is time-invariant and its vertical gradient varies with time. In addition, this assumption suggests that the height was lower than 50 m. When Period I was further divided into one-hour periods, the height was estimated to be 20-140 m and K Cmax was less than 0.05 m 2 s −1 . The estimated height was much lower than the inversion height except for the last hour. From these results we may conclude that the temperature inversion layer was not developed by turbulent transfer process in its developing stage under the condition of increasing Rn concentration.
Finally, the relationship between the non-dimensional universal shear function ϕ(ς) and non-dimensional stability length ς was investigated. The data averaged for seven datasets with similar variation of surface radon concentration showed relatively lower scatter than that of the original 10-min averaged data and randomly generated data. This indicates a spurious correlation and suggests that the present method may be used to obtain a universal result even in a relatively complicated field. Most of Period I and II is classified in the stability class of "blank" in Pasquill categories; however, the characteristics of diffusion in Period I considerably differ from those in Period II.
